We make use of the information obtained from semileptonic decays of B and D mesons, within an effective lagrangian description based on heavy quark theory and on chiral expansion, to study the radiative decays B → K ⋆ γ and B S → φγ, and the pair conversion processes B → Ke + e − and B → K ⋆ e + e − . We discuss with care the required extrapolations from zero recoils. We obtain a BR(B → K ⋆ γ) between 1.3 × 10 −5 and 4.1 × 10 −5 and BR(B s → φγ) between 1.4 × 10 −5 and 4.5 × 10 −5 , with errors mainly arising from the present uncertainty in the Kobayashi-Maskawa element |V ts |. For the pair conversion processes we study in particular the lepton effective mass distributions whose measurements would allow for an understanding both long distance and short distance contributions to such processes.
Introduction
Radiative B decays into strange final states have received much theoretical attention in the last few years both for their relevance in the framework of the Standard Model and for their possible role in the discovery of new physics. As to the former aspect, it should be observed that the short distance effective hamiltonian describing the decay b → sγ contains, through loop effects, information on the top quark mass as well as on some poorly known elements of the Cabibbo-Kobayashi-Maskawa matrix. The top quark appears as a virtual state in a penguin-like diagram contributing to b → sγ and is responsible of a large QCD enhancement in the branching ratio [1] , a phenomenon previously noted in s → dγ decay [2] , [3] . Also the latter aspect of interest, i.e. the relevance of radiative B decays for the discovery of new effects beyond the Standard Model, has been deeply studied and in particular we mention here some analyses in the framework of supersymmetry [4] In this letter we wish to analyze the following exclusive processes 1.3) that are described at the quark level by the above mentioned short distance b → sγ hamiltonian plus long distance contributions arising from J/ψ − γ and ψ ′ − γ conversion (for virtual photons).
As shown in [5] , in the limit of infinitely heavy b quark one can relate the short distance hadronic matrix elements for the transitions (1.1)-(1.3) to the matrix elements of the weak currents between a heavy and a light meson, by using the flavour and spin symmetries of the Heavy Quark Effective Theory [HQET] [6] . It should be observed that while the currents appearing in the hadronic matrix elements of (1.1) are computed at q 2 = 0 , the predictions of HQET are in general reliable for q 2 ≈ q 2 max , i.e. at zero recoil momentum. In [7] it has been shown that such an extrapolation does not generate large corrections and that there exists a special kinematical point in the semileptonic decay B → ρeν where one can make predictions that are largely free from hadronic uncertainties; this idea has been subsequently developed in [8] .
Our approach to the processes (1.1)-(1.3) is based on an effective chiral theory including mesons containing one heavy quark that has been recently developed in [9] , [10] . By this approach we are able to compute processes (1.1)-(1.3) by an effective lagrangian possessing flavour and spin symmetry in the heavy degrees of freedom, and chiral symmetry in the light ones. Due to these symmetries we can evaluate the amplitudes for the processes (1.1)-(1.3) in terms of some constants appearing in the semileptonic decays of B and D's. Using the results obtained in [10] for these decays, we can therefore make predictions for the rare neutral flavour changing processes (1.1)-(1.3).
We conclude this introduction by briefly reviewing some notations of the effective chiral field theory for heavy mesons [9] , [10] . The J P = 0 − and 1 − heavy Qq a mesons are represented by a 4 × 4 Dirac matrix
where a = 1, 2, 3 (for u, d, s), v is the heavy meson velocity, (for u, d and s respectively), P * µ a and P a are annihilation operators satisfying
where v µ P * aµ = 0 and M H is the heavy meson mass. The light pseudoscalar mesons are described by
with f π = 132MeV . Under the chiral group SU(3) ⊗SU(3) the fields transform as follows
where g L , g R are global SU(3) transformations and U depends on the space point x, the fields, g L and g R .
The vector meson resonances belonging to the low lying SU(3) octet can be introduced by using the hidden gauge symmetry approach, where the 1 − particles are the gauge bosons of a gauge local subgroup SU(3) loc . Starting from chiral U(3) ⊗ U(3), one gets a nonet of vector fields ρ µ that describe the particles ρ, ω, K ⋆ and φ (with ideal mixing, i.e. φ =ss). In this way the HQET chiral lagrangian describing the fields H, ξ, ρ µ as well as their interactions, is given, at the lowest order in light meson derivatives, as follows [10] 
where · · · means a trace,
and a = 2 g V ≈ 5.8 (1.22) from the KSRF relations. One can also introduce explicit symmetry breaking terms as illustrated in [9] , [10] .
We shall also introduce positive parity 0 + and 1 + heavy mesons. As described in [10] we are interested in the states having the total angular momentum of the light degrees of freedom equal to 1/2: s ℓ = 1/2. They are described by a 4 × 4 Dirac matrix analogous to (1.4)
where D µ 1 and D 0 annihilate a 1 + and 0 + Qq a states respectively with a normalization analogous to (1.6), (1.7). The complete lagrangian can be found in [10] .
Hadronic matrix elements
As shown in [1] , the decay B → K ⋆ γ is mediated at short distances by electromagnetic penguin diagrams that generate an effective hamiltonian given by
where we have neglected terms of order m s /m b . F µν is the electromagnetic tensor,
where 
is a smooth function of the top quark mass m t with values between 0.55 (at m t = 90 GeV ) and 0.68 (for m t = 210 GeV ).
The hamiltonian (2.1) describes also the processes (1.2) and (1.3), where a virtual photon is emitted; however in these cases long distance contributions play a major role [11] , as we shall discuss in section 4. On the other hand for B → K ⋆ γ or B s → φγ long distance effects can be safely neglected [12] , [13] .
The short distance hadronic matrix element relevant to the transitionB → K ⋆ γ (B = B − orB 0 ) can be expressed as follows:
On the other hand, for the transition B → Kγ, that can occur only with virtual photons, we have the short distance hadronic matrix element
Both in (2.5) and in (2.6) we have used the property i 2 ǫ µνλσ σ λσ γ 5 = −σ µν that allows to express matrix elements ofsσ µν b in terms of those ofsσ µν γ 5 b .
At the lowest order in the derivatives of the pseudoscalar fields, the weak tensor current between light pseudoscalar and negative parity heavy mesons is as follows
that has the same transformation properties of the quark currentq a σ µν (1+γ 5 )Q. Together with (2.7) we also consider the weak effective current ( [9] , [10] ) corresponding to the quark
We put the same coefficient iα/2 in (2.7) and (2.8) because, as a consequence of the equations of motion of the heavy quark 1+v / 2 b = b , we have, in the b rest frame [5] ,
and the effective currents L a µν and L a µ have to satisfy, in the heavy meson rest frame, the relation
We also introduce the weak tensor current containing the light vector meson ρ α and reproducingq
1a is related to the vector current L µ 1a introduced in [10] to representq a γ µ (1 − γ 5 )Q between light vector particles and heavy mesons:
In order to construct the tensor current we have imposed, similarly to (2.11) the relation L 0i 1a = −iL i 1a . Let us briefly discuss the coupling constants appearing in the previous equations. α andα are related to the leptonic constants defined by
where P b and S b are the Qq b mesons with J P = 0 − and 0 + respectively. Both α andα have a smooth logarithmic dependence on m Q that we omit since it leads to negligible numerical effects. From QCD sum rules analysis, as applied to f B , we obtain [14] 
We assume here that m B is large enough so that 1/m B is negligible and one could deduce
B ; QCD sum rules have also been applied to the determination of α in the m Q → ∞ limit; however in this case, large (≈ 100%) O(α s ) corrections [15] make the results unreliable. As toα, we take the results of an analysis [16] based on QCD sum rules:α ≃ α ≈ 0.46 GeV
We note that this value ofα, obtained in the limit m Q → ∞ coincides, modulo logarithmic corrections, with the result obtained by extractingα from
Finally the constant α 1 in (2.13) appears in combination with other coupling constants and will be discussed in the next Section. − state between the current and the BK ⋆ system) and a direct term. We assume that the effective lagrangian and the effective tensor currents of the previous Section provide a reliable way to describe the process only for large values of q 2 , i.e.
, since in writing strong and weak effective couplings we have neglected higher order derivatives of the light fields. Moreover near the zero recoil point the residual heavy meson momentum is small, which is a basic condition of HQET. Following [10] we assume polar dependence in q 2 (with pole mass suggested by dispersion relations), which represents quite well the data in semileptonic heavy meson decays ( [17] ). By using the Feynman rules for the heavy meson chiral lagrangian given in refs. [9] , [10] we obtain the results of Table 1 that are valid for any q 2 and in the limit m Q → ∞. We notice that in writing the various contributions in Table 1 we have left the dependence of
, in the term arising from the 1 − pole and we have assumed that the direct term has a polar dependence with pole mass given by the 1 + pole. These choices can be justified as follows. The results in Table 1 satisfy, for q 2 ≈ q 2 max the following relations between form factors of vector and tensor currents:
where V (q 2 ), A j (q 2 ) are the semileptonic form factors in the notations of ref. [18] and they have been obtained in ref. [10] by the same methods employed in the present letter 1 . Eqs. (3.1) and (3.2) coincide with the relations found in ref. [5] ; as for (3.3), the result of [5] :
differs from (3.3) for terms that are subleading in the limit m Q → ∞ and can be neglected. Following [5] and [7] we assume the results (3.1)-(3.3) hold also for small values of q 2 , which justifies the above mentioned choices in Table 1 .
As a final remark we observe that in computing the form factors from Table 1 one has to consider the coupling constants, λ, µ and
The constants µ and α ef f have been determined in [10] by an analysis of the D semileptonic decays, with the result
A major source of uncertainty in the derivation of λ comes from the value of the leptonic constant f D or equivalently α; indeed, neglecting 1/m Q corrections (which, incidentally, is consistent with the approximations made in Table 1 ), one would obtain, from the value of |V (0)| in D → K ⋆ ℓν ℓ decay:
On the other hand, one could assume a different attitude and take the value f D ≈ 200 MeV which is suggested by both QCD sum rules [14] and the lattice calculations [19] . This amounts to include in the final results the set of 1/m Q corrections that contribute to f D and are known to be large. In this latter case one obtains |λ| = 0.60 ± 0.11 GeV −1 . In [10] both cases have been discussed and the corresponding predictions for B decays were presented. Here we wish to present an argument in favour of the scaling solution (3.7).
We can consider the process, related to
In [10] we used ǫ 0123 = +1 whereas here we use the opposite convention for which experimental data are available [20] :
and BR(B 0 → K ⋆0 ψ) = (1.3 ± 0.4) × 10 −3 . Assuming factorization and using the Wilson coefficients of [21] and |V cb | = 0.045 we get, in the case of the scaling solution (3.7), the result
which agrees with the data; whereas the solution obtained with the larger value of λ seems disfavoured, since it leads to BR(B → K ⋆ ψ) = 2.9 × 10 −3 . For this reason we assume (3.7) as input of our numerical analysis. Using the result (2.16) one would get λ = 0.35±0.06GeV −1 ; in any event, for the calculation of B → K ⋆ γ, only (3.7) is actually necessary.
In computing the width for the decay B → K ⋆ γ the combination of form factors A+B at q 2 = 0 appears. Using Table I we have the result
Since the radiative width is given by
we get,
where |V ts | = 0.042 is the central value quoted in [20] . In the previous formula we used m t = 150 GeV , |V tb | ≃ 1, m b = 4.7 GeV and τ B + ≃ τ B 0 ≃ τ Bs ≃ 1.4 ps, both for B 0 and B − decays. Our results agree with those of [22] (in our notation they find |A(0) + B(0)| ≃ 0.46 ), but not with those of [23] that are larger than ours by a factor of 2 in the amplitude.
A similar analysis, with obvious changes, applies to the decay B s → φγ. In this case we obtain |A(0) + B(0)| = 0.54 and
Taking only into account the experimental uncertainty of V ts gives for the branching ratio B → K ⋆ γ a range from 1. These decays occur dominantly via a quark process b → sγ ⋆ → se + e − (γ ⋆ = virtual photon). In the effective lagrangian for b → se + e − we have to include also the so-called long-distance contributions arising from ψ − γ or ψ ′ − γ conversion, i.e. from the quark subprocess b → sψ → se + e − . The effective lagrangian has been derived in [3] , [24] and we shall not report it here for the sake of simplicity.
Let us first discuss B → Ke + e − . The short distance hadronic matrix element relative to this decay has been given in (2.6). We compute it by using the lagrangian and currents of Section 2. The corresponding diagrams are similar to those of B → K ⋆ γ, with K
Assuming, as in previous case, a q 2 dependence given by a simple pole (with m P = m B ⋆ s ), we get the result
We can express this result in terms of the form factors which appear in the matrix element of the V − A current (
and have been computed in [10] . The following relation between the form factors holds:
Two remarks are in order. First (4.4) coincides with the analogous relation found in [5] by Isgur and Wise
only at q 2 ≈ q 2 max and m B → ∞. As in the case of equation (3.3) we find that some form factors (in this case F 0 ) are subleading when m Q → ∞, which is expected because the 0 + state, contributing to F 0 , cannot couple to the antisymmetric tensor currentsσ µν (1+γ 5 )b. The second remark is related to the value of the coupling constant g in (4.2). One can obtain it by using data on D → Kℓν ℓ or D → πℓν ℓ , together with flavour symmetry and one meets the same problem found in discussing the constant λ in the previous Section. Using the scaling hypothesis we get from semileptonic data [17] |gα| = 0.17 ± 0.06 GeV Incidentally we note that, using for α the information from QCD sum rules (2.16), one obtains for g in the scaling hypothesis |g| = 0.37 ± 0.13 but again only (4.6) is necessary for B → Ke The experimental data are [20] : BR(B + → K + ψ) = (7.7 ± 2.0) × 10 −4 and BR(B 0 → K 0 ψ) = (6.5 ± 3.1) × 10 −4 ; they are compatible with the scaling hypothesis, i.e. with the choice represented by the eqs. (4.6)-(4.7). As a matter of fact (4.7) gives, together with the factorization approximation and |V cb | = 0.045,
whereas with the non scaling assumption (|F B→K 1
(0)| = 0.85) one would get for the branching ratio the value 3.2 × 10 −3 , which is excluded by the data. Even if this argument is based on additional hypotheses, we take it as a strong indication in favour of the scaling behaviour of the form factors.
Using (2.6) and (4.1)-(4.7), together with the effective lagrangian for the process b → se + e − , including long distance contributions [3] , [24] , we can get the distribution dΓ(B → Ke + e − )/dQ 2 in the invariant mass squared of the lepton pair Q 2 . We can repeat the same analysis for dΓ(B → K ⋆ e + e − )/dQ 2 , using the form factors reported in Section 3 together with the weak V − A current given in [10] . These results are reported in Figs. 1-2. We confirm the results obtained by previous authors [11] , [12] , showing that the widths for the processes B → Ke + e − and B → K ⋆ e + e − are largely dominated by the long distance contributions
Nevertheless an accurate measurement of the lepton pair spectrum below cc resonances would display the effects of the short distance dynamics arising from the hamiltonian (2.1). This measurement would therefore complement the analysis of the B → K ⋆ γ decay process providing further information on the fundamental parameters appearing in (2.1).
We conclude this letter by giving the branching ratios for the decay B → Kψ(2S) and B → K ⋆ ψ(2S) that can be obtained as byproduct of our analysis
(4.10)
These results are within the experimental upper bounds quoted in [20] , which are 1.5×10
for the branching ratio (4.10) and 3.5 × 10 −3 for (4.11).
Conclusions
Radiative decays of the B mesons possess an important potential for exploring certain elements of the Standard Model and also for discovering possible new physics. We have employed effective chiral theory including mesons with one heavy quark to calculate the decays B → K ⋆ γ and B s → φγ, and the pair production processes B → Ke + e − and B → K ⋆ e + e − . The inherent symmetries have allowed us to calculate these processes in terms of some constants previously determined from the study of B and D semileptonic decays within the same model. Extrapolation from the region of zero recoil momentum has required particular attention. Our final result for photon decays is −5 . Additional uncertainties are of course implicit in the model chosen, and we have discussed them in detail. Concerning B → Ke + e − and B → K ⋆ e + e − , long distance contributions have to be included, which we take as dominantly given by B → K ⋆ ψ and B → K ⋆ ψ ′ , and subsequent ψ, ψ ′ conversion into γ. Comparison with the predicted lepton pair mass distributions in their kinematical ranges would allow for verification of both short distance and long distance terms.
Form Factor Direct 1 Fig. 2 Differential distribution in the invariant mass squared of the lepton pair q 2 for the process B → K * e + e − .
